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During  a study of the distribution of injected titanium dioxidO  in the rat, 
small clusters of abdominal lymph nodes, here designated celiac, were found to 
be intensely white. Chemical  analysis revealed that TiO2 was present in higher 
concentration in these lymph nodes than in any other anatomical structure. 
With time the concentration of TiO~ increased progressively and remarkably in 
these lymph nodes; often it exceeded by more than 10 times that in the cells of 
the second rank. Why does this extraordinary accumulation of TiO, take place 
selectively in celiac lymph nodes? 
Titanium dioxide was first employed in biological experiments in a study of 
symmetry of bone marrow (1) in the extremities of dog and rabbit. TiO2 has 
many advantages in chemical investigation of scavenging by cells of the reticulo- 
endothelial system. Titanium occurs in tissues of normal animals  but only in 
trace mounts (2, 3). TiO2 is insoluble in aqueous solutions; it is chemically un- 
reactive in biological systems; it is not radioactive;  it is not radio-opaque; it is 
not costly. Stable suspensions  of TiO2 in fine particulate  form are easily pre- 
pared.  The  concentration  of titanium  dioxide  can  be  measured  by  simple 
chemical techniques.  Digestion of tissue with sulfuric acid followed by peroxide 
oxidation destroys organic matter and simultaneously develops a color complex 
which is stoichiometricaUy linear  with the content of TiO2 in that tissue. 
Titanium  dioxide  is  not  toxic;  rabbits  weighing  1.5  kg tolerated  well the 
repeated intravenous injections of TiO~, 8 g in total amount, and after 3 months 
they displayed no histologic  abnormality  (1). 
Crystals of TiO~ scatter light powerfully making it an important  pigment. 
Because of this strong pigmentary characteristic,  TiO2 is easily visible in the 
tissues of animals  which have been injected with it. Aggregates  in the gross are 
brilliant white; crystals observed by microscope are black. 
* This study was supported by grants from American Cancer Society and the Jane Coffin 
Childs Memorial Fund for Medical Research. 
1 Ti02, titanium dioxide. We are indebted to M. Douglas Beals, Titanium Division, Na- 
tional Lead Company, South Amboy, New Jersey, for generous samples of titanium dioxide. 
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Methods 
The experimental animals were exclusively female rats of Spragne-Dawley strain age 45 to 
55 days weighing 145 to 155 g. 
Our sample  1 of titanium consisted of: TiO2, 99%; Pb 0.0016%. It had anatase crystal 
structure  and was water-dispersible; particle size was 0.2 to 0.4 #. 
A known amount of TiO2 was injected intravenously as a suspension freshly prepared for 
each experiment. TiO2, 2.5 g, was added to 100 ml of 5% dextrose and dispersed by shaking 
for 1 hr. Aliquots of each suspension were taken for chemical analysis. For routine work par- 
ticle size was estimated by microscopy. The suspensions were injected slowly (1 to 2 rain) in 
a caudal vein; the usual dose was 200 to 250 mg per kg. Samples of whole blood were obtained 
by cardiac puncture. 
At a designated time the animal was decapitated. TiO2 content was measured by a modi- 
fication of the technique of Hillebrand and Lundell (4). Chemical analyses were always mul- 
tiple when the amount of available tissue permitted. 
Weigh a sample of tissue on a torsion balance and transfer to a digestion tube with di- 
mensions, 20 x 2.5 cm; add anhydrous sodium sulfate, 1 g; add 18 M sulfuric acid, 2 ml; digest 
for 30 min; cool slightly and add 30% hydrogen peroxide, 2 ml. The peroxide is boiled off and 
the contents of the tube become colorless. Transfer the contents of the tube to a volumetric 
flask and add 2 ml per 100 ml of 3% hydrogen peroxide to form the colored titanium complex. 
Dilute to the mark with water. The optical density of the solution is read in a Beckman DU 
spectrophotometer at 4100 A. Optical density of a standard solution of TiO2, 10/~g/ml,  is 
determined in parallel with that of the unknown sample. The values are expressed as mg of 
TiO2 per g of fresh tissue (wet weight). 
Surgical procedures were performed under ether anesthesia. Partial hepatectomy, consist- 
ing of removal of the median and left lateral lobes, was carried out by the method of Higgins 
and Anderson (5). 
EXPERIMENTAL 
The limit of sensitivity of our colorimetric technique for determination of 
TiO2 was ca.  1 t~g per ml. 
The reproducibility  of the method on multiple biological samples of liver was 
within 5 %  of the mean values. A rat was injected with TiO~, 500  mg per  kg; 
24 hr later the concentration of titanium was determined in 10 hepatic samples 
selected at random; we obtained values of TiO2, 8.05 4- 0.27 mg per g. 
Titanium dioxide was  not always distributed uniformly in the  scavenging 
organs. For example, in the spleen of one of the injected animals the concentra- 
tion of TiO, (per g) was: upper pole 2.73 mg; lower pole 1.10 rag. But disparity 
of this magnitude in the results was unusual in the present experiments. 
The rate of removal of injected TiO2 from blood was investigated. 1 cc of a 
suspension containing 50 mg of TiO~ was injected in a caudal vein of a rat; at 
intervals of 5 min thereafter 0.2 cc of blood was drawn by cardiac puncture for 
microscopy and chemical determination of TiO2.  On microscopic examination 
of a moist film of blood obtained at +5  min, small crystals of TiO~ possessing 
Brownian movement were observed among the blood corpuscles.  Crystals of 
TiO~ were also seen but in smaller numbers in the  samples of blood obtained 
at +  10 and +  15 min as well.  The removal of Ti(h from blood occurred at an 
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Celiac Lymph Nodes.--A female rat was injected intravenously with 1 cc of 
a suspension of TiO, (37.5 mg) and killed 24 hr later. Liver was slightly white in 
color and had a  nutmeg appearance; spleen had a whitish cast.  In  the retro- 
peritoneal space 25 lymph nodes were identified; of these, 7 lymph nodes were 
intensely white (Fig. 1) and had a high concentration of TiO2. We will refer to 
abdominal lymph nodes which are highly pigmented with TiO~ as white celiacs. 
White celiacs occurred singly, in doublets, or in triplets. At times a part of a 
celiac lymph node was very white whereas the remainder was not pigmented. 
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TExT-FzO. 1. Concentration of TJ09. in whole blood of a female rat, weighing 150 g, {-- 
jected intravenously with 1 cc of a suspension of TiOs, 250 mg per kg, at 0 rain. 
White celiacs in normal rats injected with TiO2 were 5 to 7 in number. They 
were found in 2 clusters.  Group 1: retract stomach to the left; I  to 3  white 
celiacs are found on the right side of abdomen around the celiac axis in the 
epiploic ioramen. Group 2: elevate stomach and spleen and reflect them me- 
dially; 2 to 5 white celiacs are seen in the left side of abdomen near the tail of 
the pancreas in the retroperitoneal space. 
In the gross, lymph nodes were white when they containd Ti(h in concentra- 
tion greater than 2 mg per g, a ratio of 1: 500. Titanium dioxide did not evoke 
evident pathologic changes in lymph nodes (Figs. 2 and 3). 
Distribution of Injected Titanium Dioxide.--Normal  female rats age 50 days 
received a single i.v. injection of TiO~, 250 mg per kg. Autopsy was performed 
on groups of 8 animals at intervals thereafter (Table I). 1102  TITANIUM IN CELIAC LYMPH NODES 
In one  experiment  the  animals  were  killed  soon  after  the  injection.  The 
following fractious of the injected dose of TiO, were found in liver: at 5 min, 
69%; at 15 min, 78%. 
6-hr group: the highest concentration of TiO2 was found in liver,  followed by 
spleen (Table I). Titanium was not concentrated in any of the lymph nodes of 
the celiac group. Values of TiO,, 0.4 to 0.5 mg per g, were found in all of the 
lymph nodes which were studied including celiac,  iliac  and mediastinal nodes. 
12-hr group: Thefirst evidence of special concentration of TiO2 in celiac lymph 
nodes was observed in this group. Some of the celiacs  were pearl-gray in color 
and in them the concentration of TiO2 was,  on average,  1.2 mg per g. In iliac 
lymph nodes of the same animals the TiO2 content was 0.43 mg per g. 
TABLE I 
Concentrat3on of Titanium Dioxide in Liter, Spleen, and Lymph Nodes 
A single intravenous injection of TiO~, 250 mg/kg, was given at 0 hr to female rats age 
45 to 50 days. There were 8 animals in each group. 
Time of 
harvest 
6 hr 
24 hr 
lyr 
Liver 
4.13  -4- 0.4 
3.93  4-1- 0.3 
3.90  4- 0.6 
Spleen 
Lymph nodes 
Celiac white 
TiO~: mg/g 
3.0  -4- 0.8 
1.5  4-  0.4 
18.2  4-4 
0.46 
9.1  -4-  1.3 
127.0 
Celiac 
nonwhite 
0.52 
0.28 
0.70 
+, standard deviation. 
24-hr group: The highest concentration of TiO~ was found in white celiacs, 
followed by that in liver while in third place was spleen. 
1-yr group: The concentration of TiO2 was measured in several tissues (Table 
II) of a rat injected 1 yr previously at age 50 days. The highest concentrations 
of TiO, were found in celiacs; mediastinal lymph nodes lateral  to the thymus; 
spleen; liver.  The concentration of TiO2 in white celia£s exceeded  by 18 times 
that in the mediastinal  lymph nodes  and  these occupied rank  2 in  titanium 
concentration. The celiac lymph nodes were intensely white but they were not 
enlarged; 28 white celiac lymph nodes from 5 rats weighed, on average, 11.6 + 
1.6 mg, a value rather similar to controls. On microscopy, it was found that the 
largest amount of TiO2 was located in the medulla (Fig. 3) of the lymph nodes. 
Effect  of Splenectomy  or  Partial ttepatectomy  on  Celiac  Lymph  Nodes.--A 
series  of experiments  was  carried out to determine  the  effects  of  removal of 
spleen or of a large fraction of liver upon the number and content of TiO2 in 
celiac  lymph nodes.  Surgical operations  were  performed  at  age  50  days;  at 
various intervals thereafter a suspension of TiO~, 250 rng per kgm was injected CHARLES  B.  HUGGINS  AND  JEFFREY  P.  FROEHLICH  1103 
TABLE  II 
Rdalive Concentration  of Titanium Dioxide in Structures of Rat 
Titanium dioxide, 250 mg/kg, was injected intravenously in a  female rat; the structures 
were harvested 1 yr later. 
Rank  Structure  Titanium dioxide 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Lymph nodes, celiac, white 
"  "  mediastinal, white 
Spleen 
Liver 
Lung 
Adrenal, right 
"  left 
Femur, right 
"  left 
Humerus, right 
"  left 
Tibia-fibula 
Lymph node, iliac 
Pancreas 
Stomach, cardia 
Thymus 
Ovary 
Trachea 
Stomach,  glandular 
Ileum 
Heart 
Jejunum 
Duodenum 
Colon 
Uterus 
Kidney, cortex 
Cerebrum 
mg/gra 
178.90 
9.90 
9.53 
4.15 
0.92 
0.59 
0.34 
0.25 
0.25 
0.25 
0.25 
0.24 
0.20 
0.20 
0.20 
0.18 
0.14 
0.14 
0.13 
0.12 
0.12 
0.08 
0.07 
0.07 
0.05 
0.03 
0.03 1104  TITANIUM  IN  CELIAC LYMPH NODES 
intravenously and tissues were harvested 24 hr after the injection (Table III). 
Control rats were not operated upon. 
Normal  controls: In 8 rats, 5 to 7 white celiac lymph nodes were found. In 
most cases 3 nodes were found on the right side of abdomen and  2 to 4  white 
celiacs on the left side. 
The content of TiO2 was measured in various organs and the results were 
expressed in percentage of the total injected dose: liver 76 to 82 %; spleen 1.5 to 
3.4 %; celiacs 0.05  to 0.08 %. In normal rats injected TiO2 always had higher 
concentration in liver than in spleen; the ratio of TiO~ spleen/liver was 0.41. 
Splenectomy: In 8 rats injected with TiO~ 1 to 21 days after removal of the 
TABLE III 
Effect of Splenectomy  or Partial Hepatectomy  on Celiac Lymph Nodes 
Female rats, age 50 days weighing 150 g, were subjected to surgical operations at 0 hr; a 
suspension of TiO2,  250  mg per kg was injected intravenously at  24  hr;  the tissues were 
harvested at 48 hr. 
Surgical procedure 
None; control 
Splenectomy 
Hepatectomy, partial 
No. celiac 
nodes 
Liver 
mg/g 
4.49 
4.96 
5.05 
Concentration  TiO, 
Spleen 
mg/g 
2.05 
1.67 
Celiacs 
mg/g 
3.12 
3.27 
1.77 
spleen, 5 to 7 white celiac lymph nodes were found in normal rats. The con- 
centration of TiO~ in liver of splenectomized rats was similar to that of normal 
controls (Table III). 
Partial hepatectomy: Excision of median and left lateral hepatic lobes had 
profound effects on the distribution of injected TiO2; these changes were im- 
pressive 24 hr after removal of the liver (Table III).  (a) The number of white 
celiacs was reduced to 2 lymph nodes; these were located only on the right side 
of the abdomen around the epiploic foramen. There were no white  celiacs on 
the left side of the retroperitoneal space. (b) The regenerating liver was intensely 
white from its ingestion of TiO2. As in the intact normal control, 80 % of the 
dose of TiO2 was found in the regenerating hepatic lobes despite the fact that 
the total amount of liver was less than in normal controls. 
In rats injected with TiO2, white celiacs on the left side of abdomen became 
evident first on day 7 after hepatectomy. On day 21 the number and site of 
white celiac lymph nodes were reminiscent of those of controls. 
DISCUSSION 
Titanium dioxide is chemically inert in biological systems and intravenous 
injections of suspensions of it were well borne by the rat. CHARLES  B.  HUGGINS  AND  JE]~]~REY P.  FROEHLICH  1105 
Small groups of lymph nodes possess a distinctive quantitative characteristic 
which sets them apart from all other structures of the body; they become bril- 
liantly pigmented following intravenous injection of TiO~. Their white color is 
due to a heavy concentration of titanium dioxide which increases progressively 
so that it far exceeds that in any other tissue. These clusters of lymph nodes, in 
which TiO~ accumulates so richly, are located behind the peritoneum in the 
upper abdomen---one on the left, the other on the right side of the midline. 
The great accumulation of titanium in the celiac lymph nodes is  attributed 
to their topography rather than unusual chemical characteristics. These are the 
lymph nodes which filter lymph from the liver. Celiac lymph nodes on the right 
and left sides drain respectively ipsilateral segments of the liver. 
Following intravenous injection large amounts of titanium dioxide are fixed 
in liver within 5 min. The celiac lymph nodes function quite differently. During 
the first 6 hr the concentration of TiO2 in the lymph nodes of the celiac clusters 
is small and similar to that in other lymph nodes which were analyzed. The 
special accumulation of TiCh in the celiac groups was detected first about  12 hr 
after injection. 
The celiac lymph nodes are adjacent to great repositories of particulate mat- 
ter, the liver and spleen. But the latter organs are unequal with regard to ac- 
cumulation of TiO2. Approximately 75 % of the injected dose is taken up by the 
liver compared with 3 % by spleen and always in the rat TiO2 had richer con- 
centration in liver than in spleen. 
Splenectomy had no significant effect on accumulation of TiO, in the celiac 
groups. In the early days after partial hepatectomy, the number of white celiacs 
was reduced in number and likewise the concentration of TiO2 in them. 
A  remarkable  finding in murine leukemia is involvement of a  mesenteric 
lymph node which often becomes strikingly enlarged  (6).  Since liver is fre- 
quently invaded with lymphoblastic leukemia in the AK mouse, it is postulated 
that the specific involvement of lymph nodes in the celiac region derives from 
liver, being analogous to the present findings with TiO,. 
CONCLUSION 
In the rat the greatest accumulation, in any anatomical structure, of titanium 
dioxide following its intravenous injection was found in two small clusters of 
lymph nodes in upper abdomen behind the peritoneum. These are the lymph 
nodes of the liver. 
This extraordinary quantitative characteristic of the abdominal clusters is 
attributed to their topography which results in progressive filtration of particu- 
late matter from hepatic lymph. 
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EXPLANATION  OF PLATES 
PLATE 108 
Fla. 1.  Liver, spleen, and abdominal lymph nodes of a rat 24 hr after intravenous 
injection of a suspension  of TiO~, 250 mg per kg. Celiac lymph nodes  are intensely 
white whereas iliac lymph nodes are not pigmented. Same size. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 124  PLATE  108 
(Huggins and Froehlich: Titanium in celiac lymph nodes) PLATE 109 
FIG. 2.  Arrows point to crystalline aggregates of titanium dioxide  in reticuloendo- 
thelial cells of celiac lymph node in rat  13 days after injection of TiO2, 250 mg per 
kg intravenously. ×  420. 
Fro. 3.  Black masses of titanium dioxide  in celiac  lymph node 1 year after intra- 
venous injection of TiO2, 250 mg per kg.  Germinal centers are devoid of titanium. 
X21. THE  JOURNAL OF  EXPERIMENTAL  MEDICINE  VOL. 124  PLATE  109 
(Huggins and Froehlich: Titanium in celiac lymph nodes) 